Nrf2 is a key transcription factor in the cellular response to oxidative stress. In this study we first identify two phosphorylated forms of endogenous human Nrf2 after chemically-induced oxidative stress and provide evidence that protein kinase CK2-mediated sequential phosphorylation plays potential role in Nrf2 activation and degradation. Human Nrf2 has a predicted molecular mass of 66 kDa. However, immunoblots showed that two bands at 98 and 118 kDa, which are identified as phosphorylated forms, are increased in response to Nrf2 inducers. In addition, human Nrf2 was found to be a substrate for CK2 which mediated two steps of phosphorylation, resulting in two forms of Nrf2 migrating with differing Mr at 98 kDa (Nrf2-98) and 118 kDa (Nrf2-118). Our results support a role in which calmodulin binding regulates CK2 activity, in that cold (25 °C) in Ca 2+ -free media (cold/Ca 2+ -free) decreased both cellular calcium levels and CK2-calmodulin binding and induced Nrf2-118 formation, the latter of which was prevented by CK2 specific inhibitors. Gel-shift assays showed that the Nrf2-118 generated under cold/Ca 2+ -free conditions does not bind to the antioxidant response element, indicating that Nrf2-98 has transcriptional activity. In contrast, Nrf2-118 is more susceptible to degradation. These results provide evidence for phosphorylation by CK2 as a critical controlling factor in Nrf2-mediated cellular antioxidant response.
INTRODUCTION
Excessive and/or sustained increases in reactive oxygen species (ROS) production or electrophilic stress are implicated in the pathogenesis of many chronic diseases including cancer, diabetes, atherosclerosis, Alzheimer's, and Parkinsons', as well as in aging [1] . Induction of a family of oxidative stress related genes that protect against the damage by electrophiles and ROS is a key element in the maintenance of cellular redox homeostasis and in reducing oxidative damage [2, 3] . These genes, encoding for various detoxification and antioxidant enzymes, are coordinately regulated through consensus cis-elements called antioxidant response elements (AREs) or electrophile-response elements (EpREs) in their 5′-flanking promoter regions [2] . Transcription factor NF-E2-related factor 2 (Nrf2), a member of the Cap'n' Collar family of bZIP proteins, is a central regulator in both constitutive and inducible ARE-related gene expression [2, 3] . Nrf2 knockout mice show a deficiency in this coordinated genetic program and have a higher susceptibility to oxidative damage [4] [5] [6] .
Nrf2 is ubiquitously expressed in a wide range of tissues and cell types. Previous studies [7] , including our own recent results [8] , suggest Nrf2 may be regulated at multiple levels by a coordinated process. Cytoplasm-nuclear translocation, up-regulated transcription, and/or decreased degradation have been proposed as mechanisms for Nrf2 activation [2, 9] . In addition, extensive studies have demonstrated that protein phosphorylation is a potential mechanism for the activation of Nrf2-ARE mediated pathways [2, 7] . To date, several cytosolic kinases, including protein kinase C (PKC) [10, 11] , phosphatidylinositol 3-kinase (PI3K) [12] , mitogen-activated protein kinase (MAPK) [13] , and ER-localized pancreatic endoplasmic reticulum kinase (PERK) [14, 15] have been shown to modify Nrf2 and potentially involve in Nrf2-mediated signal transduction at AREs. Phosphorylation of Nrf2 at Ser-40 through a PKCbased mechanism has been reported to play a critical role in the dissociation of Nrf2 from Keap1, an negative regulator of Nrf2 [10, 11] . The PI3K pathway regulates the rearrangement of actin microfilaments and depolymerization of actin facilitates the nuclear translocation of Nrf2 [12] . Furthermore, MAPK pathways activated by extracellular signal-regulated kinase kinase kinase 1, transforming growth factor-beta-activated kinase, and apoptosis signalregulating kinase are reported to be signaling pathways for Nrf2 activation [13] . Quite recently, it was shown that the accumulation of unfolded proteins in endoplasmic reticulum activates Nrf2 via the direct phosphorylation of Nrf2 by PERK [14, 15] . Though Nrf2 can potentially be phosphorylated at multiple sites by different protein kinases, and such phosphorylation seems to be an important part of Nrf2-mediated ARE activation, the identity of the activating protein kinase(s) involved remains elusive. Furthermore, to date, endogenously phosphorylated forms of Nrf2 have not been isolated in vivo or in vitro.
Protein kinase CK2 is a highly conserved protein kinase with a growing list of more than 300 substrates, the majority of which are proteins implicated in nuclear functions such as signal transduction, gene expression, RNA synthesis, ubiquitination and cell survival [16, 17] . Although CK2 is functionally pleiotrophic and appears to be central to many of the molecular switches that protect the cell against stress [18] , a possible role for CK2 in Nrf2 regulation has not been defined. In the present study, we first identified two endogenous phosphorylated forms of Nrf2 in human cells and then provided evidence that protein kinase CK2-mediated Nrf2 phosphorylation plays a pivotal role in Nrf2 activation as well as degradation. These data provide compelling evidence for phosphorylation by CK2 as a critical controlling factor in the Nrf2-mediated cellular response to electrophilic or oxidative stress.
MATERIALS AND METHODS

Chemicals
Sodium m-arsenite (NaAsO 2 ), tert-butyl hydroxyquinone (tBHQ), isopropyl-1-thio-β-Dgalactopyranoside, Ly294002, wortmannin, 5,6-dichlorobenzimidazole riboside (DRB) and calmodulin (CaM) were obtained from Sigma (St. Louis, MO). 4,5,6,7-tetrabromobenzotriazole (TBB) was synthesized as described previously [19] . Phosphatases including λ-PPase, PP1, LAR, and YOP, as well as recombinant human CK2, were purchased from New England BioLabs, Inc. (Beverly, MA). Genistein, staurosporine, SB203580, and calphostin C were obtained from Merck Biosciences AG (Laeufelfingen, Switzerland). Antibodies for Nrf2 (H-300, C-20, T-19), calmodulin (CaM), Sam 68, β-actin, CK2α, α′, and β subunits were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Plasmid Construction and Recombinant Nrf2 Expression
The cDNA encoding full length human Nrf2 (NM_006164) in the pCMV6-XL4 vector was purchased from Origene Technologies, Inc. (Rockville, MD). The Escherichia coli expression plasmid for glutathione S-transferase (GST) fusion protein containing full-length human Nrf2 were constructed by subcloning the human Nrf2 cDNA into a pGEX4T1 (Amersham Biosciences, Piscataway, NJ) fusion expression vector. pGEX4T1-Nrf2 was introduced into Escherichia coli BL21 (DE3) (Stratagene, La Jolla, CA) by transformation and the cells were cultured at 37 °C for 16 hrs. After the E. Coli cells were treated with 1 mM of isopropyl-1-thio-β-D-galactopyranoside for 2.5 hrs, the cells were harvested and then lysed by sonication. Recombinant GST-Nrf2 was purified by RediPack GST Purification Modules (Amersham Biosciences, Piscataway, NJ) and the GST part was cleaved by thrombin protease (Amersham Biosciences, Piscataway, NJ) on column according to the manufacturer's recommendation.
Cell Culture, Transfection and Point Mutation
The human keratinocyte (HaCaT) cell line is a spontaneously immortalized human epithelial cell line developed by Boukamp et al. [20] . The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 U penicillin/ml, and 100μg streptomycin/ml. Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. HepG2, H69, G-361, HUV-EC and COS-7 cell lines were obtained from ATCC (Manassas, VA) and were cultured according to the manufacturer's recommendation. Transfection and point mutation were conducted by Effectene Transfection Reagent (QIAGEN Inc., Valencia, CA) and QuickChange® Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA), respectively.
Preparation of Protein Extracts and Western Blotting
The whole cell extracts were obtained by using Cell Lysis Buffer (Cell Signaling Technology, Inc., Beverly, MA) with 0.5% of Protease Inhibitor Cocktail (Sigma) and 1% of Phosphatase Inhibitor Cocktail I (Sigma). Nuclear and cytosolic fractions were separated by TransFactor Extraction Kit (BD Biosciences Clontech, Palo Alto, CA). All the protein fractions were stored at −70 °C until use. Proteins were separated by Novex 4-12%, 4-20% or 6% Tris-Glycine Gel (Invitrogen, Carlsbad, CA) and transferred onto nitrocellulose membranes. The blots were probed with the primary antibodies followed by incubation with horseradish peroxidaseconjugated secondary antibodies. Antibody incubations were performed in Blocker ™ BLOTTO in TBS (Pierce, Rockford, IL). Immunoreactive proteins were detected by chemiluminescence using ECL reagent (Amersham Pharmacia, Piscataway, NJ) and subsequent autoradiography. Quantitation of the results was performed by Bio-Rad Gel Doc 2000 ™ Systems with Bio-Rad TDS Quantity One software.
Nrf2 Immunoprecipitation and Phosphorylation of Nrf2 by CK2 in vitro
Nuclear extracts (20 mg protein) from arsenic-treated HaCaT cells were precleared by incubation with 50μl of rabbit serum and 100μl of protein G-Sepharose beads (50% slurry) for 30 min at 4°C. After centrifugation at 3,000 × g for 1 min, the supernatants were incubated with the antibody against Nrf2 (H-300, 40μg) overnight at 4°C with rotation. Following incubation of the preparation with 200μl of protein G beads for 2 hrs at 4°C with rotation, the beads were washed four times with 1 ml of immunoprecipitation buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10% Glycerol, 1% Igepal with protease and phosphatase inhibitors) on ice. The beads were then resuspended with 200μl of the immunoprecipitation buffer and 5μl was used in each assay as the substrate of human CK2.
Recombinant human Nrf2 (3μg) or immunoprecipitation products were incubated with recombinant human CK2 in CK2 buffer (pH 7.2) containing 20 mM MOPS, 25 mM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 25 mM magnesium chloride, 100μM ATP, 0.2 mM substrate peptide, 0.4μM PKA inhibitor cocktail, and 100μCi of [γ-32 P]ATP (PerkinElmer Life Sciences, Inc., Boston, MA) for 5 and 30 min at 37 °C. Proteins were then resolved by SDS-PAGE and visualized by autoradiography.
Monitor of cellular calcium mobilization
Intracellular Ca 2+ was monitored with the fluorescent probe Fluo-4 acetoxymethylester (Fluo-4 AM, Molecular Probes, Eugene, OR). HaCaT cells were grown on glass bottom culture dishes (MatTek, Ashland, MA) for 24 hrs and then incubated for 20 min at 37 °C in serum-free medium containing fluo 4 AM (2μM) and Pluronic F-127 (0.2 mg/ml; Molecular Probes). Then cells were viewed immediately with a laser scanning confocal microscope (LSM 510 NLO) mounted on an Axiovert 100M microscope (Carl Zeiss, Inc., Thornwood, NY). The images were obtained simultaneously using the 488 nm line from the included Ar laser as the excitation source, and the Zeiss Plan-Apo 63x oil N.A.=1.4 as objective lens. For the fluorescence emission, a LP 505 nm long pass filter was used, along with a pinhole of 0.6 Airy units, corresponding to a z-resolution of 0.6 microns. All fluorescent images in the same figure were acquired with the same settings. The software used for acquisition was Zeiss LSM510 ver 3.2 for Windows 2000.
Co-immunoprecipitation of CaM and CK2 Catalytic Subunits and CK2 Kinase Assay
The nuclear extracts (3 mg protein) were immunoprecipitated with CaM antibody (5μg) as above. The immunoprecipitation products were detected by immunoblots with CK2α and CK2α′ antibodies. In vitro CK2 kinase assay was conducted using recombinant human CK2. After CK2 (5 U/each tube) was incubated with CaM (150 U) and/or calcium (Ca 2+ , 1 mM) at 37°C for 30 min, the activities were determined with the Casein Kinase 2 Assay Kit (Upstate, Lake Placid, NY).
Gel shift assay
Single-stranded oligonucleotides (Sigma-Genosys, Woodlands, TX) were annealed by PCR to form consensus oligomers containing the γ-glutamyl cysteine synthetase (γ-GCS h ) promoter specific Nrf2 -binding site (ARE, underlined): (5′-GCACAAAGCGCTGAGTCACGGGGAGG-3′; 5′-GTCCCCGTGACTCAGCGCTTTGTGCG -3′). Gel shift was performed by incubating nuclear extracts (5μg protein) for 20 min at RT with 8 fmol of 32 P-labeled double-stranded oligonucleotides in binding buffer (50 mM Tris, pH 7.5, 13 mM MgCl 2 , 1mM EDTA, 5% glycerol, 1mM dithiothreitol). Antibody against Nrf2 was added for the supershift for 30 min at 4°C before the incubation with oligonucleotides. The DNA-protein complex was separated in 6% native polyacrylamide gels in 0.5% Tris-Glycine running buffer, dried under vacuum and followed by autoradiography. Quantitation of the results was performed by Bio-Rad Gel Doc 2000 ™ Systems with Bio-Rad TDS Quantity One software.
Statistics
Data are expressed as mean ± SEM of n = 3 to 6 in all cases. A one-way ANOVA, followed by Dunnett's multiple comparison test, was used to compare the treated groups to the control. A P value of ≤ 0.05 was considered significant in all cases. All the images showed are representatives of 3 to 6 experiments.
RESULTS
Endogenous human Nrf2 is a phosphoprotein
Human Nrf2 contains 605 amino acids with a predicted molecular mass of 66 kDa. However, prior work has shown that transcription and translation of the full-length Nrf2 cDNA produces a major band at approximately 96 kDa, a discrepancy likely due to an abundance of acidic residues in Nrf2, leading to anomalous migration in SDS/PAGE [21] . Unexpectedly, our immunoblots (Fig. 1A) showed two clear bands with apparent Mr of 98 and 118 kDa increased in response to oxidant stress resulting from treatment with As or tBHQ, two well-known chemical inducers of Nrf2, in nuclear and cytosolic fractions from HaCaT cells, a human keratinocyte line. Although other bands were observed, such as NS85 in nuclear and NS85 and NS41 in cytosolic fractions, these did not correspond to Nrf2 and were unaltered by As or tBHQ exposure (Fig. 1A) . They likely represent non-specific (NS) binding of the antibody used for western blot analysis. The two Nrf2 bands in HaCaT cells were also observed in a variety of other human epithelial or mesenchymal cell lines including HepG2, H69, G-361 and HUV-EC cells, particularly after As exposure (Fig. 1B) . Furthermore, forced over-expression of Nrf2 by transfection into COS-7 and HaCaT cells produces the 98 and 118 kDa Nrf2 bands (Fig. 1C) . Importantly, the two Nrf2 bands are detected by two distinct Nrf2 antibodies (H-300 and C-20, Santa Cruz).
To ascertain if the bands with higher apparent Mr might represent phosphorylated forms of Nrf2, we treated the nuclear fractions isolated from As-treated HaCaT cells, which contain high levels of Nrf2, with different phosphatases (Fig 2) . The dual specific λ protein phosphatase (λ-PPase) removes phosphate from serine (Ser), threonine (Thr) and tyrosine (Tyr) residues and is inhibited by EDTA and vanadate. PP1 is a protein phosphatase with activity towards phophoSer/Thr residues. LAR and YOP are protein phosphatases that remove phosphate specifically from Tyr residues. As shown in Fig. 2 , λ-PPase treatment resulted in the loss of the two higher Mr Nrf2 bands and the appearance of a new, faster migrating band (apparent Mr approximately 92 kDa). Inclusion of the phosphatase inhibitors vanadate (as Na 3 VO 4 ) and EDTA prevented this change. Similar results were observed after exposure to PP1 but not with LAR and YOP. Thus, the higher Mr bands are clearly due to phosphorylation occurring at Ser and/or Thr sites and both Nrf2 bands typically detected by western blots are phosphorylated.
Nrf2 is phosphorylated by CK2
Phosphoacceptor sites in proteins phosphorylated by CK2 are specified by multiple acidic residues, with the acidic residue at position +3 relative to the target Ser/Thr phosphoacceptor residue being of particular relevance [17] . Human Nrf2 is an acidic protein containing 17.1% acidic residues (Supplement 1). Our Prosite search revealed the presence of thirteen putative CK2 sites in human Nrf2, eleven of which are highly conserved among species (Supplement 1). This suggests Nrf2 is a potential substrate for CK2. To determine if CK2 is involved in the phosphorylation of Nrf2, CK2 kinase assays were performed using purified, recombinant, human Nrf2 and Nrf2 immunoprecipitation products from the nuclear extracts of acute arsenictreated HaCaT cells as the substrates. As shown in Fig. 3A , two clear phosphorylated bands at the same apparent Mr (98 and 118 kDa) as phosphorylated endogenous Nrf2 were formed using recombinant human Nrf2 as substrate in a CK2-dependent fashion. In addition, two similar [γ-32 P]ATP incorporated bands were detected using Nrf2 immunoprecipitation products of human cells as the substrates (Fig. 3B) . Furthermore, MALDI-MS and MALDI-MS/MS analyses identified two bands isolated from CK2-treated recombinant human Nrf2 (Fig. 3C ) with apparent Mr approximately 98 and 118 kDa as human Nrf2 (accession # 20149576). These data indicate that human Nrf2 is a CK2 substrate and that CK2 mediates two steps of Nrf2 phosphorylation (Nrf2 → Nrf2-98 → Nrf2-118). Individual points mutations of each of the highly conserved putative CK2 phosphorylation sites (Supplement 1) did not affect the migration of the two Nrf2 bands (data not shown), suggesting that multiple sites may be phosphorylated and that loss of phosphorylation at any single site is not sufficient to alter the apparent Mr of the phosphorylated Nrf2 forms.
Furthermore, to examine whether constitutive CK2 activity is critical for Nrf2 activation in response to oxidative stress, we examined acute arsenic-induced nuclear Nrf2 accumulation in HaCaT cells pretreated with two specific CK2 inhibitors. One of these is DRB, which is widely employed as a CK2 inhibitor, although its selectivity has not been strictly defined. We have therefore also employed TBB, which is not only a more potent ATP-competitive CK2 inhibitor [19, 22] , but also, when tested against a panel of more than 30 Ser/Thr and Tyr protein kinases, exhibited very high selectivity for CK2. TBB or DRB pretreatment dramatically reduced arsenic-induced nuclear Nrf2 accumulation (Supplement 2A). In addition, inhibitors of PI3 kinase (Ly294002 or wortmannin) and MAP kinase p38 (SB203580), but not PKC (straurosporine or calphostin C), also marginally inhibited the arsenic-induced Nrf2 accumulation. These results suggest that multiple kinases may be involved in arsenic-induced Nrf2 activation.
CK2 activation causes endogenous Nrf2 phosphorylation
Although the mechanism by which CK2 activity is regulated is unknown, a search of the calmodulin (CaM) Target Database (http://calcium.uhnres.utoronto.ca) indicates a highly conserved CaM binding site in CK2 catalytic subunits α and α′ (Supplement 3). In fact, our results show CaM inhibits purified CK2 kinase activity in a Ca 2+ -dependent fashion (Fig. 4A) , suggesting Ca 2+ mobilization may affect CK2 activity. Further, HaCaT cells exposed to cold shock (25 °C) in Ca 2+ -free conditions (termed cold/Ca 2+ -free conditions) quickly lose intracellular Ca 2+ (Fig. 4B) while cold shock or Ca 2+ -free alone only marginally decreases intracellular Ca 2+ (not shown). When the HaCaT cells pretreated with As to induce Nrf2 were then exposed to cold/Ca 2+ -free conditions, the binding of CaM-CK2α′ was markedly decreased in the nuclear fraction (Fig. 4C) , although the nuclear protein levels of CK2 subunits α, α′, β and CaM showed no change. In addition, As-exposure alone increased CaM-CK2α′ binding compared with control cells. These data strongly suggest that CaM is a Ca 2+ -dependent negative regulator of CK2 activity. Accordingly, cold/Ca 2+ -free conditions caused the complete loss of the Nrf2-98 band and a coordinate increase of the Nrf2-118 band (Fig. 5A) . Cold shock or Ca 2+ -free conditions alone only modestly increases the ratio of Nrf2-118 to Nrf2-98. Furthermore, the change of Nrf2 induced by cold/Ca 2+ -free conditions was totally prevented by the CK2 specific inhibitors TBB or DRB. However, inhibitors of other protein kinases such as PI3K (Ly294002 or wortmannin), MAP kinase p38 (SB203580), and PKC (straurosporine or calphostin C) did not impact disappearance of Nrf2-98 induced by cold/Ca 2+ -free conditions (Supplement 4). In addition, as shown in Fig. 5B , forced over-expression of Nrf2 by transfection into COS-7 cells which were pretreated with CK2 inhibitor DRB resulted in a significantly lowered ratio of the two bands (Nrf2-118/Nrf2-98).
CK2-mediated phosphorylation is potentially involved in Nrf2 activation and degradation
Pretreatment by As dramatically increases nuclear Nrf2 accumulation (both Nrf2-98 and Nrf2-118) in HaCaT cells while cold/Ca 2+ -free conditions induce a loss of Nrf2-98 and a concomitant increase in Nrf2-118 (Fig. 6A) . A gel-shift assay using an oligonucleotide containing the human γ-GCS h ARE showed Nrf2-98, but not Nrf2-118 generated by cold/ Ca 2+ -free conditions, has ARE binding activity (Fig. 6B) . It should be noted that we could not have a clear supershift band using commercial available Nrf2 antibodies, although the antiNrf2 (H-300) can reduce the DNA banding (data not shown).
Nrf2 has been reported as a target for proteasome-mediated degradation, and increased protein stability is a post-transcriptional mechanism that enhances Nrf2-mediated induction of the antioxidant response [7] . To examine the contribution of phosphorylation in endogenous Nrf2 clearance, Nrf2 was transiently induced in HaCaT cells by As, and the cells were then exposed to cold/Ca 2+ -free conditions. The cells were then placed under normal culture conditions and the turnover of Nrf2 was examined by immunoblot (Fig. 6C) . The Nrf2 accumulated in HaCaT cells after As treatment was phosphorylated by cold/Ca 2+ -free conditions. The phosphorylation promotes Nrf2 clearance (Fig. 6D) , which was totally blocked by the treatment with proteasome inhibitors MG115 and MG132 (data not shown), indicating that Nrf2 is rapidly degraded through the proteasome pathway. Together, these results indicate that cold/Ca 2+ -free conditions induced CK2 activation which results in 'hyper-phosphorylation' of Nrf2 thereby decreasing Nrf2 transcriptional activity and accelerating Nrf2 degradation.
DISCUSSION
Nuclear accumulation of Nrf2 is one mechanism, and apparently an essential mechanism, by which Nrf2 acts as a transcriptional activator [7] . Although multiple mechanisms appear to be involved in Nrf2 activation, including both transcriptional and post-transcriptional events, these are incompletely defined. The results of the present study provide evidence that endogenous human Nrf2 is constitutively phosphorylated, that the extent of this phosphorylation controls, at least in part, activity and degradation, and that CK2 is the major kinase for this phosphorylation. Furthermore, electrophilic-or ROS-induced nuclear Nrf2 accumulation is highly dependent on constitutive CK2 activity, suggesting CK2 is critical in regulating Nrf2-mediated cellular antioxidant response.
The results of the present study indicate that phosphorylation of several of the CK2 sites in human Nrf2 is a key controlling factor in Nrf2 activity or degradation. A considerable, largely unsuccessful, effort has been expended to find a physiological modulator of CK2. In this regard, cold/Ca 2+ -free conditions, although non-physiological, provide us with a highly effective method to regulate intracellular Ca 2+ which has a dramatic impact on CK2 activity. In part through this ability to control CK2 activity, our results indicate CK2 is a major kinase involved in the phosphorylation of endogenous Nrf2 in human cells. Indeed, cold/Ca 2+ -free conditions resulted in a dramatic phosphorylation of Nrf2 in intact cells and this was totally inhibited by the specific CK2 inhibitors DRB or TBB. Human Nrf2 contains thirteen putative CK2 phosphorylation sites and the precise sites of phosphorylation cannot be defined from the present work, although it appears phosphorylation occurs at Ser and/or Thr residues. Regardless of the precise site, our results suggest phosphorylation of Nrf2 is constitutive and messengerindependent, as is known for most CK2-mediated phosphorylations [16] .
CK2 is composed of two catalytic subunits (αα, α′α′ or αα′), and a dimer of two regulatory β subunits [16] , but the molecular mechanisms by which CK2 activity and its subunits are regulated in mammalian cells are incompletely defined [23] . The present data indicate there is a Ca 2+ -dependent interaction between CaM and CK2 α and α′ units that clearly impacts CK2 activity. These results support a model in which Ca 2+ mobilization may control local CK2 activity by affecting CaM binding to CK2. CK2 catalytic subunits α and α′ contain a highly conserved CaM binding site, and CaM could inhibit CK2 activity in a Ca 2+ -dependent fashion. In addition, cold/Ca 2+ -free conditions, which dramatically decrease intracellular Ca 2+ levels, reduced CaM-CK2 α′ binding and enhanced CK2-dependent Nrf2 phosphorylation. Although the cold/Ca 2+ -free conditions are non-physiological, protein phosphorylation and/or dephosphorylation in response to cold-induced stress or alternation of intracellular Ca 2+ has been well studied [24, 25] . In addition, an inhibitory effect of spermine, a CK2 stimulator [26] , on mast cell secretion was found to be highly dependent on a condition with low temperature and Ca 2+ -free [27] .
CaM is a ubiquitously expressed, highly conserved acidic protein involved in number of intracellular Ca 2+ signaling and phosphorylation pathways [28] . Although there are no reports indicating CaM modulates CK2 activity in mammalian cells, Ca 2+ -inhibited catalytic subunit of CK2 has been identified in Paramecium tetraurelia [29] . In addition, convincing evidence has indicated that CaM is a CK2 substrate [30] , thus, CaM-CK2 binding may competitively inhibit CK2 activity towards other substrates. Indeed, Apel et al. [31] indicated that CaM at physiologically significant concentrations inhibits the phosphorylation of neuromodulin by CK2. Thus, the results of our present work provide evidence for an additional-control system for the cellular antioxidant response in which CaM when combined with Ca 2+ , influences CK2 activity which, in turn, dictates Nrf2 activation and degradation.
The level of CK2 appears to be tightly regulated in normal cells, and cells resist a change in their intrinsic level of CK2. However, a consistent elevation of CK2 has been observed in rapidly proliferating tissues and a wide variety of tumors [16, 32] . In this regard, our previous studies [33] indicated that As-induced malignant transformation of human keratinocytes is associated with an increased expression and enzymatic activity of CK2 in nuclear fractions. Consistent with the roles of CK2 on Nrf2 phosphorylation, the As-transformed cells showed a higher ratio of the bands of Nrf2-118 and Nrf2-98 after the cells were acutely exposed to Nrf2 activators. In particular, the Nrf2-98 was significant lower in transformed cells than in control cells under the same conditions. Furthermore, expression of the genes downstream of Nrf2, including NAD(P)H:quinone oxidoreductase 1, heme oxygenase-1 and γ-GCS h was dramatically increased by acute arsenic treatment in control cells. In contrast, the increases in these antioxidant response genes were significantly lower in the As-transformed cells. In addition, consistent with the high activity of CK2 in leukemia cells [34] , we find high ratios of Nrf2-118 to Nrf2-98 in cultured leukemia cell lines, NB4 and U937 (data not shown).
Recent results demonstrated that phosphorylation of Nrf2 at Ser-40 through a PKC-based mechanism plays a critical role in the dissociation of Nrf2 from Keap1 [10, 11] , a saturable cytoplasmic repressor of Nrf2 [2, 3] . The present results clearly indicate that PKC is not responsible for constitutive Nrf2 phosphorylation nor nuclear Nrf2 accumulation in HaCaT cells. The PKC inhibitors staurosporine and calphostin C did not inhibit Nrf2 phosphorylation caused by cold/Ca 2+ -free conditions and also did not affect nuclear accumulation of Nrf2 induced by As. A Prosite search also revealed the presence of two Tyr phosphorylation sites in human Nrf2. However, Tyr phosphorylation is not necessary for constitutive Nrf2 phosphorylation since treatment by LAR and YOP (Tyr-specific phosphatases) had no effect on the two phosphorylated Nrf2 bands. Collectively, these results provide the first convincing evidence that CK2 is responsible for endogenous phosphorylation of Nrf2, which, in turn, is a key regulatory event in Nrf2-mediated processes.
Our results with CaM-CK2α′ co-immunoprecipitation indicate As treatment increased CaM-CK2α′ binding, suggesting As potentially inhibits nuclear CK2 activity and subsequently decreases CK2-mediated Nrf2 phosphorylation and degradation. Similarly, Torres and Pulido [35] reported that the C terminus of the tumor suppressor phosphatase and tensin homologue deleted on chromosome ten (PTEN) is constitutively phosphorylated by CK2 at several residues in intact cells and the phosphorylation modulates PTEN stability to proteasomemediated degradation. Previous studies have suggested that Keap1 plays essential roles in the Nrf2-AREs stress response system, not only as a sensor of oxidative and electrophilic stress but also as a regulator of Nrf2 degradation [36] . Keap1 is a stress sensor protein that functions directly as an adaptor molecule in the Cul3-based E3 ligase system in the rapid degradation of Nrf2 [37] . However, since Keap1 is expressed exclusively in cytoplasm, it cannot play a direct role in nuclear Nrf2 clearance. Alternative pathways may exist that mediate nuclear Nrf2 degradation, and it is possible that CK2-mediated phosphorylation helps nuclear Nrf2 translocate back to the cytoplasm for Keap1-mediated degradation. However, a connection between CK2-mediated Nrf2 phosphorylation and Keap1's function has not been established and will require further investigation. Regardless, our results support the function of CK2 as a central regulatory molecule for Nrf2 transcriptional activity in response to oxidative stress as well as its eventual degradation.
The ubiquitin-dependent proteolysis system controls the abundance of cellular proteins and serves a central regulatory function in many biological processes, including cell cycle progression, signal transduction, and transcription [38] . Extensive studies indicate that Nrf2 is a short-lived signaling molecule degraded rapidly by the ubiquitin-proteasome pathway [2, 36, 37, [39] [40] [41] . Nrf2 stabilization alone seems to be sufficient to trigger its nuclear accumulation [7] . The extent of Nrf2 seems to be important for its stability. Indeed, our current results provide evidence that CK2-mediated phosphorylation promotes Nrf2 degradation.
In summary, the present data indicate that CK2-mediates endogenous Nrf2 phosphorylation which, in turn, regulates Nrf2 activity. Thus, phosphorylation is a key event in the control of the Nrf2-mediated antioxidant response, providing for both its' activation and eventual degradation.
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Nrf2
Nuclear factor E2-related factor 2 Evidence that endogenous human Nrf2 is a constitutively phosphorylated protein. Nuclear protein (20μg protein) was incubated with λ-PPase, PP1, LAR, or YOP at 30 °C for 30 min and then were detected by immunobloting with anti-Nrf2 (H-300). Sam 68 was used as loading control. Human Nrf2 is a substrate of CK2. Recombinant human Nrf2 (A) and Nrf2 immunoprecipitation products from the nuclear extracts of acute As-exposed HaCaT cells (B) were incubated with recombinant human CK2 (1000 U/ml) in CK2 buffer with [γ-32 P]ATP for the indicated times, and resulting proteins were then resolved by SDS-PAGE and visualized by autoradiography. TBB (4,5,6,7-tetrabromobenzotriazole) is a specific CK2 inhibitor. (C) SDS-Page of recombinant Nrf2 after CK2 treatment in vitro. Recombinant human Nrf2 (1 mg protein) were incubated with recombinant human CK2 (1000 U/ml) in CK2 buffer with ATP for 30 mins. P-Nrf2, phosphorylated Nrf2. (A) Inhibitory effects of CaM (150 U/ml) and Ca 2+ (1 mM) on the activity of purified CK2. *, p < 0.05 compared with control. (B) Cold (25°C)/Ca 2+ -free conditions caused a quick decrease of intracellular Ca 2+ in HaCaT cells. Ca 2+ dynamics in same cells were monitored by confocal microscope with Flou-4 AM: a, normal; b and c, cold/Ca 2+ -free conditions for 3 min and 6 min, respectively; d and e, replacement of the Ca 2+ -free media with media containing normal Ca 2+ levels (1.8 mM) and the Ca 2+ ionophore, ionomycin (10μM) for 3 min and 6 min, respectively. (C) Effects of arsenic followed with cold/Ca 2+ -free conditions on CK2α′-CaM binding as well as CK2 subunits and CaM protein levels in nuclear fractions. C, control; As, cells pretreated with As (10μM, 4 hrs) were cultured in normal culture condition for 1.5 hrs; As+X, cells pretreated with As (10μM, 4 hrs) were exposed to cold/Ca 2+ -free conditions for 1.5 hrs. CaM-CK2α′ binding were determined by immunobloting with anti-CK2α′ after the nuclear fractions were co-immunoprecipitated with CaM antibody. Lower panel, quantitative results of CaM-CK2α′ binding analysis. *, P < 0.05 compared with control; #, P < 0.05 compared with As alone. (A) Cold/Ca 2+ -free conditions cause Nrf2 phosphorylation which is inhibited by CK2 specific inhibitors. HaCaT cells were pretreated with As (10μM, 4 hrs) and then treated with cold (25°C ) and/or Ca 2+ -free conditions with or without CK2 inhibitors 5,6-dichlorobenzimidazole riboside (DRB) or 4,5,6,7-tetrabromobenzotriazole (TBB). CK2 inhibitors were added prior to manipulation of culture conditions. The nuclear fractions were used for immunoblots. (B) CK2 inhibitor decreases the ratio of the two bands of Nrf2 overexpressed in COS-7 cells. COS-7 cells, which have high transfection efficiency, were pretreated with DRB for 1 hr and followed by Nrf2 tansfection. The culture media containing 30 or 90μM DRB were refreshed every 4 hrs. Whole cell lysates harvested at 16 hrs after transfection were used for immunoblots. Phosphorylation of Nrf2 by CK2 regulates Nrf2 activation and degradation. (A) Western blot measurement of nuclear Nrf2 accumulation. C, control; As, cells pretreated with As (10μM, 4 hrs) and then cultured under normal conditions for 1.5 hrs; As+X, cells pretreated with As (10μM, 4 hrs) were then treated with cold/Ca 2+ -free conditions for 1.5 hrs. (B) Gel shift with γ-GCS h oligonucleotide containing ARE. C, control; As, cells pretreated with As (10μM, 4 hrs) and then cultured under normal conditions for 1.5 hrs; AX, cells pretreated with As (10μM, 4 hrs) were then treated at cold/Ca 2+ -free conditions for 1.5 hrs. Lower panel is the quantitative analysis of the gel shift results. *, p < 0.05 compared with C; #, p< 0.05 compared with As. (C) Phosphorylation of Nrf2 promotes its clearance. Cells were pretreated with As (10μM, 4 hrs), and then exposed to cold/Ca 2+ -free conditions or continued incubation under normal culture conditions for 1.5 hrs. Whole cell lysates extracted at 0, 2 and 6 hrs post cold/
